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This paper reports modelling and theoretical validation of a 
fabricated NiO/TiO2 P-N heterojunction solar cell. The solar 
cell equations were modelled and thereafter theoretical 
validation of the fabricated solar cells was performed. 
Modelling tools were used to validate the influence of NiO 
material features such as deposition temperature, voltage and 
defect densities on the performances of an ITO/TiO2/NiO 
heterojunction solar cell structure. The working points used 
included a temperature of 350 oC, illumination of 1000 W/m2 
using an AM1.5 lamp, with voltage range of 0 to 1.5 volts. The 
output gave Voc of 0.1445 V, Jsc of 247.959195E-6 mA/cm2 and 
FF of 37.87 % and Voc 0.7056 and Jsc 28.366911 mA/cm2 
when both contacts were added. This opens a new frontier for 
modelling of metal oxide based thin film solar cells especially 
NiO thin film solar cells. These findings enhance the quest to 
develop affordable and sustainable energy and encourage 
further research in solar cell technologies in low-income 
countries. 
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INTRODUCTION 
Despite the potential that solar energy holds for being an 
environmentally benign and sustainable energy source [1], 
large-scale production and costs still hinder the usage, 
especially in low-income countries [2]. This may be attributed 
to the difficulty in scaling up existing methods or the expense 
and complexities associated with vacuum environment 
fabrication [3]. The way forward is to develop materials and 
techniques that will encourage low cost or focus on a few 
experimental techniques [4]. The latter can be achieved with 
more success when combined with modelling. The modelling 
of result improves the planning and implementation of the 
experiment. 
Solar cells produce about 0.5 volts to 0.6 volts of open circuit 
voltage and 1 to 8 amps DC current depending on a range of 
factors but mainly related to the semiconductor used [5]. About 
36 to 72 solar cells are stacked together in series to form a 
module which can produce meaningful output. A solar panel is 
an arrangement of solar modules either in series or parallel. 
When the solar modules are connected in parallel the currents 
are added while the voltage is the same, while for series the 
voltages are added and the current produced remains the same 
[6]. 
Solar cells can be grouped into monocrystalline, 
polycrystalline, and thin film technology [7]. Both 
monocrystalline and polycrystalline are referred to as 
traditional technologies of solar cells and collectively grouped 
as crystalline silicon. Solar cells can also be grouped by 
generations of the solar cells [8, 9]. The traditional technologies 
of solar cell manufacture use microelectronic manufacturing 
with an efficiency ranging from 10 % to 15 % and 9 % to 12 % 
for monocrystalline and polycrystalline respectively. Thin 
films’ efficiency varies depending on the fabrication techniques 
and materials used. The monocrystalline solar cells tend to have 
the highest efficiency and are also very expensive. 
Metal oxide heterojunction solar cells are currently attracting 
attention due to their potential [10]. Metal oxides offer great 
promise for being a solution to affordable, environmentally 
friendly, sustainable and viable energy, so ending the world 
energy problem, especially in developing and low-income 
countries [11, 12]. Metal oxides, especially NiO thin film, are 
the most promising materials to be used as solar cell absorber 
layers due to their excellent optical properties They have good 
band gaps, low cost and great absorption coefficients as well as 
constituents that are nontoxic and abundant naturally [13].  
However, most of them still exhibit weak conversion 
efficiencies resulting in several experiments in the laboratory 
in an attempt to obtain the optimum power conversion 
efficiency with current levels being about 8.4 % [14] compared 
to those of other technological paths in the photovoltaic field 
like CIGS-based solar cells which reach record efficiencies of 
over 20 % [10]. However, despite the development of several 
physical and chemical fabrication techniques for PV [15-17], 
several reasons could explain this situation, such as various loss 
mechanisms due to absorber features.  
Modelling has been used in other fields to reduce the amount 
of person-hours and resources spent performing experiments 
[18]. Modelling of solar energy spans many decades, with most 
models focusing on photovoltaic panels and modules. The few 
studies on solar cells are mainly on silicon and related solar 
cells [19-21]. There is, therefore, a need to explore ways of 
modelling metal oxide cells due to the increasing interest in 
them. 
This study attempts to model metal oxides heterojunctions 
(NiO/TiO2) using modelling tools (including SCAPS) which 
were successfully deployed in previous generations of solar cell 
research. SCAPs stands for Solar Cell Capacitance Simulator 
and is used for one or two-dimensional solar cell simulation. 
Therefore, a detailed analysis of the effect of deposition 
temperature, thickness, and defects densities of a NiO layer is 
necessary and has been presented in this work using the 
numerical simulation package SCAPS [22]. The results 
proposed in this study are a useful guideline for design of high 




International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 11 (2018) pp. 9701-9705 
© Research India Publications.  http://www.ripublication.com 
9702 
METHODOLOGY 
The Mathematical Model 
A solar cell is basically a P-N heterojunction. Photovoltaic 
systems exhibit nonlinear I-V characteristics that vary with the 
temperature of the solar cell and the radiant intensity. Under 
ideal conditions, a solar cell can be theoretically modelled as a 
current source under a diode. A direct current is produced when 
the solar cell is exposed to light and this current varies linearly 
with the solar radiation. This is represented in Figure 1. 
 
 
Figure 1. Solar cell model equivalent circuit 
 





      (1) 
Equation (1) shows that the photocurrent depends on the 
temperature of the solar cell and solar insolation. 
𝑉𝑡 =  
𝑘𝑇
𝑞
      (2) 





 − 1)    (3) 
It can be seen from Equation (3) that the cell’s saturation 
current varies with the cell temperature, 





− 1)   (4) 
Equation (4) gives the Shockley equation. 
𝐼 =  𝐼𝑝ℎ  − 𝐼𝑑  − 𝐼𝑠ℎ    (5) 
The output current of the solar cell is represented in Equation 
(5). 
Equations (1) to (5) give the electrical behaviour and 
relationship between the current supplied and voltage, where; 
Iph is photocurrent, Isc is reverse saturation current, RS and Rsh 
are inherent resistances in series and parallel associated with 
the cell, Ns is number of cells in series, q is the electron charge, 
K is Boltzmann’s constant and A, the modified ideality factor. 




Table 1. Ideality factor of some solar cells 
S/N Technology Ideality factor 
(A) 
1. Monocrystalline silicon (Si 
Mono) 
1.2 
2. Polycrystalline silicon (Si 
Poly) 
1.3 
3. AsGa 1.3 
4. CIS 1.5 
5. CdTe 1.5 
6. a-Si:H 1.8 
7. a-Si: H tandem 3.3 
8. a-Si: H triple 5 
 
The solar cell is not an active device in darkness but behaves as 
a diode in such an environment i.e. as a P-N junction. During 
this phase it does not produce current and voltage. Conversely, 
a current is generated when an external load is connected to the 
solar cells. This current is called diode current or dark current 
and the diode defines the I-V characteristics of the cell. 
Therefore, from Figure 1 and from equation (5), the I-V 
characteristic equation of a solar cell can be expressed in 
Equation (6): 





− 1] −  
𝑉+ 𝑅𝑠𝐼𝑝𝑣
𝑅𝑠ℎ
  (6) 
 
Theoretical validation 
SCAPS is a one-dimensional solar cell simulation program 
used for Opto-electrical simulation of the 1-D or 2-D structures 
of semiconductor layers [23-26]. SCAPS was originally 
developed for cell structures of the CuInSe2 and the CdTe 
family. However, there have been improvements since then 
making room for other types of solar cells. SCAPS uses finite 
difference methods to solve the differential equations which, 
along with several relations from the physics of 
semiconductors, describe mathematically the performance of a 
solar cell. SCAPS performs a complete simultaneous numerical 
solution of the two continuity equations and Poisson's equation, 
conditional on the boundary conditions appropriate to one and 
two-dimensional cells [27]. The equations are expressed as 
shown in Equations (7-9).  
∇2𝑣 = − 
𝑞
∈
(𝑝 − 𝑛 + 𝑁𝐷 − 𝑁𝐴)   (7) 
∇. 𝐽𝑝 = 𝑞(𝐺 − 𝑅)     (8) 
∇. 𝐽𝑛 = 𝑞(𝑅 − 𝐺)     (9) 
The general terms of Equations (8) and (9) can be represented 
as: 
𝐺(𝑥) =  ∫ 𝜙𝑎𝑒−𝑎𝑥𝑑𝜆
∞
0
    (10) 
The hole and electron current densities which appear in 
Equations (8) and (9) are given by: 
𝐽𝑝 = −𝑞𝜇𝑝𝑝∇𝑉𝑝 − 𝑘𝑇𝜇𝑝∇𝑝   (11) 
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𝐽𝑛 = −𝑞𝜇𝑛𝑛∇𝑉𝑛 + 𝑘𝑇𝜇𝑛∇𝑛   (12) 
𝑉𝑝 = 𝑉 − (1 − 𝛾)
∆𝐺
𝑞
    (13) 
𝑉𝑛 = 𝑉 + 𝛾
∆𝐺
𝑞
     (14) 
where vp and vn represent the effective potentials expressed in 
Equations (13) and (14), and ∆G and γ account for variations in 
the band structure, such as density of states and band gap, and 
account for Fermi-Dirac statistics. 
 
 
Figure. 2. Block Diagram of the structure of SCAP1D and 
SCAP2D 
 
Figure 2 depicts the structure of the SCAPS programme, and 
summarizes the working of the programme. The operator inputs 
the information related to the materials’ parameters, a 
description of the device to be analyzed, the type of analysis to 
be performed and the spectrum (optional). The results are 
printed in summary form and the detailed results of the 
calculation are stored. A separate plotting routine is used to 
access the information and to display the appropriate 
parameters. The plotting capability is one of the most valuable 
features of the code because it allows one to effectively have a 
microscopic view of most of the parameters of interest in the 
interior of the cell under operating conditions. 
 
Figure 3. Typical characteristics of a solar cells 
Figure 3 shows typical characteristics of solar cells. It shows 
the behaviour of the voltage and current with irradiation and the 
temperature of solar cells. The maximum power is obtained by 
computing the Vmax and Imax. The maximum power point (MPP) 
technique is mainly used in computing the maximum power of 
solar module. The fundamental parameters related to the solar 
cell are short circuit current (Isc), open circuit voltage (Voc), and 
MPP [28, 29]. 
In this study, a temperature of 350 oC (623.15 K) was used as 
the working temperature. This was the temperature at which the 
experimental NiO/TiO2 P-N heterojunction was spray pyrolysis 
deposited, while the illumination was done with AM1.5 using 
a lamp of 1000 W/m2 with a voltage range of 0 volts to 1.5 volts 
as shown in Figure 4. 
 
 
Figure 4. Defined parameters used for the modelling the solar 
cells 
 
Figures 5 and 6 give the output of the I-V characteristics using 
SCAP-1D. Figure 5 varies the voltage from 0 volts to 1 volt 
while Figure 6 varies it from 0 volts to 1.5 volts. The generated 
plot of current density versus voltage corresponds to the typical 
I-V characteristic curve. The fill factor (FF) obtained was 37.87 
% while the output voltage (Voc) was 0.1445 volts. These 
parameters agree with the fabricated NiO/TiO2 solar cells with 
FF of 39 % [4].  
 
Figure 5. SCAP-1D generated I–V characteristic curve for the 
solar cells 
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Figure 6. SCAP-1D generated I–V characteristic curve for the 
solar cells 0 to 1.5 v 
 
 
Figure 7. SCAP-1D generated I–V characteristic curve for the 
solar cells with gold and ITO added to 0 to 1.5V 
 
Figure 7 shows the SCAP-1D generated I-V characteristic 




This paper was able to give the mathematical model and 
theoretical validation of a sprayed deposited NiO/TiO2 
heterojunction solar cell at 350 oC. The model used the 
deposition parameters of the fabricated solar cell and generated 
the I-V characteristics of the solar cell. The results show 
excellent correspondence to reported experimental fabrication. 
The experimental fill factor obtained was 39 % while this study 
reported 37.87 %. This shows that this can be used to model 
another metal oxides especially NiO related solar cells. This 
will help to reduce several person-hours and resources spent on 
trying different optimization parameters in the laboratory. 
These findings enhance the quest to develop affordable and 
sustainable energy and encourages further research in solar 
cells technologies in low-income countries.  
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